Although much has been reported on the in vitro interaction of Chlamydia trachomatis with cells derived from the female genital tract, little is known of its interaction with male genital tract epithelium. The aim of this work was to investigate the effect of C. trachomatis serovar E on immortalized normal human urethral epithelial cells and on immortalized normal adult human prostate epithelial cells with regard to chlamydial growth and secretion of cytokines. After infection, these epithelial cells were assessed for their support of chlamydial growth in comparison with HeLa cells, and cytokine levels in cell culture supernatants were determined by ELISA. Although the male-derived epithelial cells supported growth of chlamydiae, the best growth was seen in HeLa cells. In contrast to prostate epithelial cells, the urethral epithelial cells released much larger quantities of interleukin 1a (IL-1a) following infection, whereas both IL-6 and IL-8 were produced in larger quantities by infected prostate cells. At 7 days post-infection, HeLa cells consistently produced large quantities of all three cytokines. In conclusion, the male-derived cell lines were shown to support the invasion of C. trachomatis and initiate a proinflammatory response to infection. From in vitro studies the suggestion that high levels of IL-6 could be a possible marker for chlamydial prostatitis is confirmed. Although not as marked a change, it is also suggested that higher IL-8 levels could be associated more with infection of the prostate than the urethra. Differential cytokine production by different male-derived epithelial cells could help determine the site of chlamydial infection and help in the study of pathogenesis.
INTRODUCTION
Chlamydia trachomatis causes the most prevalent sexually transmitted bacterial infection as it affects more than 90 million people annually worldwide (Norman, 2002) . In males, C. trachomatis may cause different urogenital infections, ranging from lower to upper genital tract diseases. This bacterium has been found to be responsible for more than 50 % of all organisms causing nongonococcal urethritis (Bakare et al., 2002; Falk et al., 2004) , and around 50 % of all cases of chronic prostatitis caused by infectious agents (Skerk et al., 2004) . Moreover, a potential association between C. trachomatis infection and benign prostatic hypertrophy (BPH) has been established (Corradi et al., 1996; Toth et al., 2000) . A high prevalence of asymptomatic persistent C. trachomatis infection among infertile couples has also been reported (Idahl et al., 2004) , and although the effect of this bacterium on male fertility is still controversial, possibilities include an effect on semen parameters or sperm function (Hosseinzadeh et al., 2001; Segnini et al., 2003; Idahl et al., 2004) .
C. trachomatis is a Gram-negative bacterium that lives as an obligate intracellular parasite within the host cell. This bacterium has a unique developmental cycle in which the organism is present in two main forms, the elementary body (EB), which is the extracellular infectious form, and the reticulate body (RB), which is the intracellular metabolically active form that divides by binary fission. In certain conditions, a third form can be seen, which is larger than the size of a RB and is called atypical or aberrant. These atypical forms can result in a long-term relationship with infected host cells leading to persistent chlamydial infection (reviewed in Hogan et al., 2004) .
Epithelial cells in the human genital tract, as epithelial cells elsewhere, secrete different cytokines in response to disease conditions, such as infections. However, some of these epithelial surfaces do secrete certain cytokines in normal conditions. It has been suggested that epithelial cells can act as an early alarm system by creating a network connected to local and to distant cells in the host for the production of the inflammatory response (Eckmann et al., 1995; Pate et al., 2001) . In vitro as well as in vivo studies involving female genital tract epithelium have demonstrated a different inflammatory response according to the site of infection and the pathogen involved (Fichorova et al., 2001; Reddy et al., 2004) . C. trachomatis infection is known to cause secretion of a range of cytokines from epithelial cells, such as interleukin 1a (IL-1a), IL-6, IL-8 and others. This was shown by in vitro studies performed on ectocervical and endocervical cell lines, in addition to cells from a non-genital origin (Rasmussen et al., 1997; DessusBabus et al., 2002; Hanada et al., 2003) .
Little is known about the pathogenesis of C. trachomatis in the male genital tract as most of the in vitro studies on genital chlamydial infection have been carried out using cell lines derived from females. In the present study, we established C. trachomatis serovar E infection in epithelial cells derived from the male urogenital tract, including immortalized normal (transformed) human urethral epithelial cells (THUEC) and immortalized normal adult male prostate epithelial cells (PNT2). We then compared the ability of C. trachomatis to grow in both cell lines with the ability to grow in cervical cells (HeLa) by counting the inclusion forming units (IFU) recovered from the three infected cell lines in McCoy cells. In addition, we investigated cytokine release by these cell lines, in comparison with HeLa cells, in response to C. trachomatis infection.
METHODS
Cell lines. The normal male THUEC were a kind gift of Professor M. Apicella (Department of Microbiology, University of Iowa, Iowa City, IA, USA). These cells were grown, maintained and passaged as described by Harvey et al. (2002) , in brief, cell cultures were maintained in fetal calf serum (FCS)-free prostate epithelial growth medium (PrEGM) (Cambrex Bioscience). During passaging, 0.5 % trypsin/5.3 mM EDTA was used for lifting cells for 5 min at room temperature, then after removal of enzymes, cells were kept at 37 uC for 5 min. Cells were then suspended in 5 % FCS-PrEGM, centrifuged at 1100 g and suspended in the required volume of FCS-free PrEGM prior to seeding.
The PNT2 cell line was obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK) and was maintained in RPMI 1640 with glutamine and 10 % FCS (Gibco-BRL).
McCoy cells, and HeLa 229 cells (ECACC, Salisbury, UK) were maintained in minimum essential medium (Cambrex Bioscience) supplemented with 10 % FCS. All cell lines were maintained according to the supplier's instructions and all were regularly tested for the absence of Mycoplasma species.
C. trachomatis. Serovar E, which is reported to be the most frequently encountered serovar causing C. trachomatis infections (Geisler et al., 2006) , was isolated from a clinical sample obtained from the Department of Genitourinary Medicine, Royal Hallamshire Hospital, Sheffield, UK. Confirmation of the genotype was conducted by sequence analysis according to the method of Dean et al. (2000) .
The serovar was grown in flasks and EBs harvested, purified and kept at 280 uC as described previously (Taraktchoglou et al., 2001) .
Visualization and quantification of chlamydia by direct immunofluorescence. Cells were grown on coverslips in 24-well tissue culture plates, infected with chlamydiae, incubated for 24-48 h at 37 uC, and then fixed with methanol for 5 min. Coverslips were then stained with fluorescein isothiocyanate-conjugated mAb specific for the Chlamydia major outer-membrane protein (MOMP) (Trinity Biotech). The number of IFUs was counted using fluorescence microscopy at a 6400 magnification. The mean number of inclusions per field was determined by counting inclusions in 20 different fields. The number of IFU ml 21 was then calculated. EBs were counted by making serial dilutions and taking a known amount of each dilution into a Teflon-coated slide well, followed by air drying, fixing with methanol and then staining as mentioned above. The mean number of EBs was counted at 6100 magnification in different fields in one well and the number of EBs ml 21 was calculated.
Growth curve experiment. The growth curve was analysed for the three cell types following the method described by Lyons et al. (2005) but with slight modifications. Confluent growth of THUEC, PNT2 and HeLa cells (5610 5 ) in 24-well tissue culture plates was inoculated with equal inocula of purified EBs at a m.o.i. of 25 : 1. After centrifugation at 2000 g for 1 h at 4 uC, all cells were washed; fresh medium without cycloheximide was added and incubated at 37 uC. Cycloheximide was omitted to represent a more natural environment in which there is unrestricted growth of host cells as described in Hanada et al. (2003) . After 24, 48, 72, and 96 h post-infection, cells were scraped off and collected together with supernatants in duplicate. Samples were then sonicated and kept at 220 uC until cultured on McCoy cells seeded on coverslips in 24-well tissue culture plates, for the purpose of counting IFUs using direct immunofluorescence staining.
Determination of cytokine levels in culture supernatants by ELISA. Culture supernatants were collected from THUEC, PNT2 and HeLa cell cultures infected with C. trachomatis (m.o.i. 5 : 1) at 1, 3, and 7 days post-infection. Non-infected cultures of the same three cell types were used as controls. Supernatants were collected and kept at 220 uC. Three independent experiments were carried out for THUEC, PNT2 and HeLa cells. The cytokine concentrations were measured by using commercial ELISA kits (Quantikine; R&D systems) for the detection of IL-1a, IL-6, IL-8, IL-10 and tumour necrosis factor alpha (TNFa). All tests were carried out strictly according to the manufacturer's instructions.
Statistical analysis. The results from the growth curve experiments and the cytokine experiments were analysed by one-way analysis of variance using Instat (Graph Pad Software). A P value of ,0.05 was considered significant.
RESULTS AND DISCUSSION

Susceptibility of THUEC and PNT2 cells to C. trachomatis infection
Epithelial cells from the female genital tract, such as HeLa cells, have been extensively used by researchers to study different aspects of C. trachomatis infection, in addition to non-epithelial cells such as macrophages (Swanson et al., 1998; Taraktchoglou et al., 2001; Kuo et al., 2002) . In this study we investigated the interaction of this bacterium with its natural site of infection in the male, the genital tract epithelium, in comparison with HeLa cells. We demonstrated the ability of this bacterium to infect THUEC and PNT2 cells. Inclusions could be seen 24-48 h post-infection and the increase in infective dose led to a concomitant increase in the number of inclusions (data not shown).
Growth curve
Chlamydial growth in THUEC and PNT2 cells was investigated and compared to growth in HeLa cells (Fig. 1) . The yield of IFU in McCoy cells from samples taken 24 h post-infection was much less than the yield from 48 h post-infection samples for the three cell lines. There was a sharp increase in the number of IFU 48 h postinfection in all cell types with the highest being in HeLa cells. There was also a significant difference in the number of IFU at 48 h post-infection between both THUEC (P,0.001), PNT2 cells (P,0.05) and HeLa cells. Thereafter, the number of IFU started decreasing for all cell lines. Interestingly, there was a significant difference in the yield of IFU between THUEC and PNT2 cells at 48 and 96 h post-infection (P,0.001).
The initial experiments that were evaluated using fluorescence microscopy demonstrated that both THUEC and PNT2 cells were susceptible to infection with C. trachomatis to a similar extent to that seen with HeLa and McCoy cells. However, in the light of our results from the growth curve experiments, it was obvious that the yield of chlamydial EBs from HeLa cells was significantly higher than from THUEC (P,0.001) and PNT2 (P,0.05) cells at 48 h post-infection. Also, chlamydial growth is better supported in PNT2 cells than in THUEC, and this was reflected by the significant difference in the yield of IFUs between these cells 48 h post-infection (P,0.001).
Cytokine levels in culture supernatants
Infection with C. trachomatis has been shown to induce an acute host response, which is primarily initiated in infected epithelial cells both in vivo and in vitro (Magee et al., 1992; Rasmussen et al., 1997) . These infected cells may release inflammatory cytokines that are essential for the development of an adaptive immune response, which if persistently elicited may lead to chronic inflammation-associated tissue damage and scarring, leading eventually to the ultimate cause of disease sequelae (Stephens, 2003) . However, different epithelial cells may react in different ways to C. trachomatis infection, and different serovars may induce different levels of cytokines in response to infection (Rasmussen et al., 1997; Dessus-Babus et al., 2002) . In the latter two studies they used mainly cell lines representing the female genital tract and other non-genital epithelial cells. Reports on cytokine release by epithelial cells from the human male genital tract after infection with C. trachomatis in vitro are still lacking. In our study, we demonstrated that THUEC and PNT2 cells have the ability to produce certain cytokines in response to serovar E that were different in magnitude and timescale from cytokines released by HeLa cells. Our clinical isolate of C. trachomatis was chosen as we have used it in several published studies of its pathogenicity to human sperm (Hosseinzadeh et al., 2001 (Hosseinzadeh et al., , 2003 Eley et al., 2005) . We analysed the supernatants from the three cell types for five different cytokines starting from 1 day to 7 days post-infection. We started the detection at day 1 post-infection because chlamydiae typically need 48-72 h to complete their growth cycle, unlike rapidly dividing bacteria (Rasmussen et al., 1997) .
IL-1 in culture supernatants
THUEC, PNT2 and HeLa cells were challenged with chlamydiae and there was an increase in the levels of certain cytokines produced in the cells in a time-dependent fashion. Cytokine levels in unchallenged cells were also detectable in the three cell types. Fig. 2 shows the levels of IL-1a released from the three cell lines with and without chlamydial challenge. IL-1a secretion in THUEC started earlier than in HeLa, and both cell types had reached their highest levels at day 7 post-infection. There was a significant difference between the levels on day 1 and day 7 in both THUEC and HeLa cells (P,0.05 and P,0.001, respectively). IL-1a levels in PNT2 remained low over the 7 day period of the experiment. The levels of IL-1a detected in THUEC and HeLa cells were observed to be significantly higher than levels in PNT2 cells at day 7 (P,0.0001).
IL-1a is an important mediator of inflammation that helps to accelerate the specific immune response (Sigal, 2005) . It has been reported that IL-1a is important in regulating host defences against C. trachomatis (Magee et al., 1992; Rasmussen et al., 1997; Buchholz & Stephens, 2006) . In our experiments, THUEC were the first cells to release IL-1a and high levels were maintained throughout the 7 day infection period. PNT2 and HeLa cells behaved differently, and only after 7 days post-infection were levels in HeLa close to those in THUEC. This early release of IL-1a by THUEC may be explained by the fact that in this cell line IL-1a is secreted by viable cells early in the infection in the absence of cell lysis. With HeLa cells (and to a lesser extent PNT2 cells) the delayed release of this cytokine was possibly due to lysed cells, which would be found in larger numbers 3-7 days post-infection. Published work has shown a correlation between vaginal IL-1a levels and the development of symptoms of infection with Neisseria gonorrhoeae in vivo and in vitro (Ramsey et al., 1995) . However, a study by Pate et al. (2001) , which investigated cytokine levels in urethral swabs, did not find a significant difference in the level of IL-1b between uninfected and infected male patients with C. trachomatis. We found that there were higher levels of IL-1a released from THUEC than from PNT2 cells, and that could simply be due to differences between these epithelial cells or it may be related to the fact that C. trachomatis infection in the prostate is usually asymptomatic, whereas infection of the urethra is often symptomatic (Weidner et al., 1991; Krause et al., 2003; Miller, 2006) . Our results are similar to those reported in a study on infertile females infected with C. trachomatis (Reddy et al., 2004) . In their study, they reported that the levels of IL-1 in cervical secretions were higher than levels in Fallopian tubes, which suggests an association between raised IL-1 levels and C. trachomatis infection in the lower genital tract.
IL-6 in culture supernatants
IL-6 is a cytokine that exerts different biological activities, one of which is the activation of B cells (Van Snick, 1990 (Fig. 3) in the PNT2 cells were observed to be high after day 1 post-infection (222-fold more than in THUEC and 10-fold more than in HeLa cells) and remained high at day 7. However, at day 7 post-infection, IL-6 levels in HeLa cells were higher than those in PNT2 cells. IL-6 production in THUEC was low even at day 7 post-infection. Interestingly, IL-6 may be involved in the immunopathogenesis of persistent chlamydial infection (Mpiga et al., 2006) . Elevated IL-6 levels have been reported in cases of persistent C. trachomatis infection of the Fallopian tube, as well as in chronic latent Chlamydia pneumoniae infection in vivo (Li & Liang, 2000; Ohsawa et al., 2001; Jitsuiki et al., 2006) . Moreover, Hanada et al. (2003) investigated the release of IL-6 from chlamydiaeinfected fibroblast-like synovial cells over a 7 day period and reported an association between large amounts of IL-6 released and persistent C. trachomatis infection in these cells. Our results with one cell line are in agreement with this association as we could observe the formation of abnormally large RBs in some inclusions in PNT2 cells but not with other cell lines tested. Furthermore, IL-6 is one of the cytokines that has been suggested to be a marker for cases of male accessory gland infection and chronic pelvic pain syndrome (Orhan et al., 2001; Matalliotakis et al., 2002) . Our in vitro findings if reproduced in vivo suggest that IL-6 could possibly be a marker for chlamydial prostatitis. The low levels of IL-6 from THUEC in response to chlamydial infection were similar to those levels from the same cell line when stimulated with N. gonorrhoeae (Harvey et al., 2002) , although a higher baseline secretion of IL-6 was seen in our study, which may be due to technical differences in the assay. IL-6 levels in HeLa cells in our study were slightly higher than those reported by 
IL-8 in culture supernatants
IL-8 is a chemotactic factor that activates neutrophils, basophils and T cells during the inflammatory response (Mukaida et al., 1998) . It has been reported that C. trachomatis can induce the production of IL-8 by infected cells during in vivo and in vitro infection (Kalinka et al., 2005; Buchholz & Stephens, 2006; Mpiga et al., 2006) . IL-8, similar to IL-6, may participate in the immunopathogenesis of chronic chlamydial infection (Dolgushin et al., 2004; Mpiga et al., 2006) . Fig. 4 shows IL-8 levels in THUEC, PNT2 and HeLa cells. IL-8 levels in PNT2 and HeLa cells were observed to be higher than levels in THUEC (at day 3, around eightfold and sixfold increases, respectively). However, at day 7 postinfection, IL-8 levels in HeLa cells were nearly threefold higher than in PNT2 cells.
In this study, we observed that chlamydial infection had triggered THUEC, PNT2 and HeLa cells to produce IL-8, and the levels in all cell types increased in a time-dependent manner. Similar levels of IL-8 produced in HeLa cells in response to C. trachomatis infection have been reported by Rasmussen et al. (1997) ; however, some workers have noticed a decrease in the release after 72 h post-infection (Yu et al., 2003) . Interestingly, when HeLa cells were infected with C. trachomatis and were then co-cultured with THP-1 cells, the IL-8 response was much higher and sustained (Mpiga et al., 2006) . Elevated IL-8 is suggested to be a useful clinical tool to help diagnose male accessory gland infection (Matalliotakis et al., 2002) . High IL-8 levels in prostatic tissues have been reported in chronic prostatitis (Hu et al., 1998) . Herein, we report elevated levels of IL-8 in PNT2 cells in response to C. trachomatis infection in vitro. The presence of chlamydial antigen in prostatic tissues has been suggested to be one of the reasons leading to the development of BPH (Corradi et al., 1996; Toth et al., 2000) , whilst others have suggested that increased IL-8 expression in senescent epithelial cells will lead to the development of BPH (Castro et al., 2004) . A question as to whether there is any association between our observation of elevated IL-8 levels in prostate cells in vitro with the development of BPH in vivo still needs to be answered. In this study, we observed that the release of IL-8 was much higher in PNT2 cells than in THUEC. In a study on female patients infected with chlamydiae they observed that in the Fallopian tubes, the IL-8 levels were higher than those secreted in the cervical region (Reddy et al., 2004) , which strengthens our belief that increased IL-8 levels are found in the upper genital tract. Our results showing a slight increase in IL-8 levels in THUEC following chlamydial infection are similar to the results of IL-8 released from the same cell line in response to N. gonorrhoeae infection (Harvey et al., 2002) . Although Hang et al. (1998) have reported that IL-8 is constitutively produced from epithelial cells of all parts of the urinary tract, Pate et al. (2001) observed a significant increase in IL-8 levels in patients with chlamydial urethritis. However, Pate et al. (2001) did not measure IL-8 levels in the upper genital tract so that comparisons with our data cannot be made.
A study by Rasmussen et al. (1997) using a different group of epithelial cells including HeLa and primary endocervical cells infected with different chlamydial serovars, demonstrated that there are two mechanisms responsible for the release of IL-8, and these are the IL-1a-dependent and IL1a-independent mechanisms. A recent report by Buchholz & Stephens (2006) has suggested that the early release of IL-8 by infected cells (less than 48 h post-infection) is IL-1a independent, and that the late release (between 48-72 h post-infection) is mediated by IL-1a with the increase in cell lysis. Because of the nature of our experiments, we were unable to confirm these data.
TNFa and IL-10 in culture supernatants
TNFa and IL-10 levels in THUEC, PNT2 and HeLa cells (both challenged and unchallenged cells) were undetectable at the minimum detectable concentrations of the ELISA kits. According to the manufacturer, 0.5 and 3.9 pg ml 21 were the minimum detectable concentrations of TNFa and IL-10, respectively. As we were not able to detect IL-10 and TNFa in our experiments it may suggest that chlamydialinduced IL-6 and IL-8 release was TNFa independent. Undetectable levels of TNFa have been reported by other groups who conducted in vivo as well as in vitro studies on the immune response in C. trachomatis infection (Pate et al., 2001; Dessus-Babus et al., 2002; Hanada et al., 2003) . Yu et al. (2003) have reported high levels of IL-10 from HeLa cells infected with C. trachomatis, but they used serovar K and their experimental protocol was quite different to that used in our study. It is important to note that we observed a moderate release of IL-1 and IL-6 with the three unchallenged cell types, and generally a substantial release for IL-8 in PNT2 cells, which most probably reflect methodological differences in our attempt to optimize cytokine release in challenged cells. More typically less cytokine is released in unchallenged cells in vitro, as has been reported by other groups using different cell lines, some of which were primary and others immortalized, in addition to in vivo studies (Rasmussen et al., 1997; Fichorova et al., 2001; Reddy et al., 2004) .
In conclusion, the THUEC and PNT2 cell lines used in this study can support the invasion of C. trachomatis, and initiate a proinflammatory response to infection, which may play a key role in inflammation and the associated immune response in vivo. These immortalized cell lines are useful tools to explore further aspects of chlamydial pathogenesis in the male genital tract and it is important to use a physiologically relevant cell type to that invaded by the same bacterium during in vivo infection (Harvey et al., 2002) . In our experiments, we confirm the suggestion that high levels of IL-6 (which are associated with aberrant EBs) could be a possible marker for chlamydial prostatitis. Although not as marked a change, we also suggest that higher IL-8 levels could be associated more with chlamydial infection of the prostate than the urethra. Two recent publications (Gatti et al., 2006; Mackern-Oberti et al., 2006) have shown in an in vitro rat model of Chlamydia muridarum infection that prostate cells not only constitutively express significant levels of TLR4 and CD14 mRNA but also upregulate a number of different proinflammatory cytokine genes. Although this was a rat model using a different chlamydial species, nevertheless, it would suggest a similar response by prostate cells to this type of infection. In our in vitro study, differential cytokine production by different male-derived epithelial cells if reproduced in vivo could help determine the site of chlamydial infection and help in the study of pathogenesis. Epithelial cells from the male genital tract also behaved differently in vitro in certain aspects of infection to cells from the female genital tract, which may possibly suggest a difference in inflammatory response in vivo and be related to a difference in sequelae of the disease. However, we realize that our findings are based on work with one serovar and that other serovars should be investigated for comparison. It should also be stressed that as in other studies, it is often difficult to relate in vitro findings to what might happen in vivo, and that in vivo there is also likely to be subject to subject variation in cytokine response. More studies, including the use of these male derived epithelial cells, in what is a currently neglected area are needed to understand possible differences in the pathogenesis of C. trachomatis in the male and female genital tracts.
